Semiconductor quantum dots (QDs) offer tremendous scope to be used in the field of energy, imaging, sensors and optoelectronic devices. However, several issues regarding their hydrophilicity, stability and cytotoxicity remain unresolved. One of the methods to render CdTe QDs water-soluble is to functionalize the surface with carboxylate groups by the use of heterobifunctional ligands such as 3-mercaptopropionic acid (MPA). Following this motif, we report the synthesis of CdTe QDs using the non-aqueous organometallic route, ligand exchange with MPA was performed to replace the initial surface passivation ligands trioctylphosphine oxide (TOPO) and hexadecylamine, and finally, the prepared MPA-CdTe QDs were encapsulated into the biocompatible polyethylene glycol. Our results show that pegylation of CdTe QDs provided minimal cytotoxicity against baby hamster kidney (BHK 21) cells even at high levels. The IC 50 values of pegylated CdTe QDs were higher than the non-pegylated ones with a % viability ranges from 89:90% at a concentration range of 0.01:0.03 nM. Currently, available ligand exchange procedures lead to significant loss of quantum yields. In our study, the photoluminescence (PL) emission of the MPA capped CdTe QDs decreased gradually as the pH increased from 4 to 10 while after pegylation the prepared QDs exhibited significantly enhanced PL efficiency and storage stability.
Introduction
Quantum dots (QDs) have attracted attention in recent years due to their potential applications [1] . For instance, effective labeling of fluorescent QDs is crucial for extracellular and intracellular tracking of target molecules in their native environment [2] . QDs functionalized with antibody are optimal for extracellular targeting of cell-surface membrane proteins (e.g., receptors) and subsequent targeted imaging [3] . The brightness of CdSe QDs fluorescence has made them the widely labeled nanoparticles for various biosensing (e.g., oligonucleotides, organic dyes) and single or multiplex labeling (e.g., antibodies, peptides) [4] .
CdTe QDs has narrow emission band, broad absorption and high fluorescence quantum yields [5, 6] . Different methods have been explored for the synthesis of CdTe QDs via aqueous method at 100 °C [7] or a non-aqueous organometallic route at high temperature (e.g., 300 °C) [8] .
Up to now, the most successful method to prepare highly luminescent CdTe QDs is the organometallic synthetic route, which uses TOPO and HDA as surface ligands. However, these methods require high temperatures, and the resulting QDs are insoluble in water, which makes the final product incompatible with the biological systems. The hydrophobic QDs should be converted to hydrophilic QDs by surface exchange with hydrophilic ligands in aqueous solution [9] . More recently, QDs have been prepared in aqueous medium in a simpler route generating less toxic water-soluble biologically compatible nanocrystals [10, 11] . Nevertheless, they suffer from certain limitations. First, they possess lower quantum yields compared to those prepared in organic media [12] . Second, they tend to aggregate with time due to the weakly bound thiol ligands. Finally, the water-soluble CdTe QDs can be oxidized due to liberate the toxic cadmium ions to the surrounding environment. In particular, the UV irradiation for bioimaging will accelerate the oxidation process [13] . Therefore, researchers have investigated the influence of hydrophilic surface ligands exchange method so as to enhance hydrophilicity and improve the optical properties to be used in biological applications [14] .
Earlier studies showed that ligands play an important role during the formation of nanocrystals, exerting a strong effect on both the nucleation and growth stages. Hence, surface ligands can control the size, shape, growth kinetics, and optical properties of the QDs [15] . Moreover, it has been proposed that QDs toxicity could be correlated to the nature of surface ligands rather than its type and so it may confer protection against the toxicity induced by heavy metals [16] . The most often used surface ligands are thioglycolic acid (TGA) or mercaptopropionic acid (MPA) [17] . There are three distinct regimes for surface modification and phasetransfer of CdTe QDs. A ligand exchange method in which the native hydrophobic ligands replaced by bifunctional ligands of surface anchoring thiol-containing molecules [18] . However, this method lowers the stability of QDs even with small particle size. The second method is depositing extra inorganic coatings such as SiO 2 onto the surface of QDs. SiO 2 coating enhances the stability of QDs and this approach leads to increase QDs size which is not preferred in biomedical applications. The last method is encapsulating of the QDs with biocompatible polymer such as PEG [19] , dendron [20] , and amphiphilic polymer [21] .
Among various approaches, surface modification of QDs with polyethylene glycol (PEG) ligands has proved to be one of the most successful strategies [22] . (PEG) was considered to be the best biocompatible material which is well known to increase the circulation time by decreasing the clearance of QDs via the reticuloendothelial system (RES). They have high resistance to protein adsorption and therefore reduce nonspecific QDs-cell membrane interactions. Their hydrophilic and non-toxic nature also mitigates QDsinduced adverse effects by preventing chemical degradation of QDs and release of their metal ions to intracellular environments [23] . Encapsulated within the PEG polymer, the modified QDs could be highly biocompatible without any loss in fluorescence intensity of original QDs and could be useful for the discrimination of specific target by determining their luminescence emission. The main objective of this work is to address the problems of CdTe QDs concerning hydrophilicity, stability and cytotoxicity. CdTe QDs were synthesized using non-aqueous organometallic route followed by ligand exchange of HDA and TOP with MPA and then encapsulating the CdTe QDs in PEG. The cytotoxicity of CdTe QDs was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assessment against baby hamster kidney (BHK 21) cells.
Experimental

Chemicals
All chemicals were of analytical grades and have been used without any further purification. MPA and hexane were supplied by Across Company; 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), TOP (99.9%), Te powder (99.99%), hexadecylamine (HAD) and dimethyl sulfoxide (DMSO), and PEG 600 were purchased from SigmaAldrich Company (St. Louis, USA). Cadmium acetate (98%) was obtained from Wako Chemical Reagent Company (California, USA). The pH was adjusted with NaOH or HCl that were obtained from Beijing Chemical Reagent Company (Beijing, China). Baby hamster kidney cells were purchased from the Medical Technology Center for Research and Services. Dulbecco's modified Eagle's medium (DMEM, Gibco, NY, USA) was supplied by Gibco (Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS, Hyclone) and 1% penicillin/streptomycin (Hyclone).
Synthesis of CdTe QDs
CdTe QDs were prepared in non-aqueous solution according to our previously published method [24] . The procedure of synthesis of CdTe QDs using organometallic route is schematically described in Fig. 1 . Briefly, in a three-necked round flask, a mixture of (CH 3 COO) 2 Cd (0.28 mmol), TOP (3 mL) and hexadecylamine (HDA, 2 g) was refluxed at 
Encapsulation of CdTe QDs
A direct one-step protocol was used to encapsulate CdTe QDs with PEG-600. Briefly, MPA-capped CdTe QDs exchanged solution was added very slowly to an equal amount of PEG-600 under smooth stirring at 40 °C for 1 h. The preparation step is illustrated in Fig. 2 yielding a clear water-soluble non-immunogenic PEG-600 encapsulated CdTe QDs solution.
Characterization
The structural property was studied by X-ray 7000 diffraction (Shimadzu-Japan) using copper characteristic wavelength with 1.54 A°. The 2θ angles of the diffractometer were collected from 2° to 70° at a scan rate of 10°/min. The morphological property was investigated using Jeol JEM-2100 transmission electron microscope (Tokyo, Japan) at an accelerating voltage of 200 kV. Samples for HRTEM were prepared by dispersing dried powder of CdTe QDs in ethanol and allowing a drop of this ethanol solution to dry on a 3-mm-diameter carbon-coated fine copper grid while the excess solution was wicked away by a filter paper. The grid was subsequently dried in air before the measuring step. The fluorescence intensity and the emission spectra were recorded with the excitation wavelength fixed at 450 nm using an LS 55 fluorescence spectrophotometer (Perkin Elmer, USA). The excitation slit and the emission slit were 
Cytotoxicity of CdTe QDs and cell viability assay
Cytotoxicity of different concentrations of CdTe QDs was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assessment, a colorimetric laboratory test to monitor color change in living organisms due to the activity of certain mitochondrial enzymes that cause reduction of yellow colored MTT to the purple colored formazan. The change in the intensity of purple color was determined by the absorption spectrum at 550 nm. Comparing cells injected with MPA-CdTe QDs and PEG encapsulated MPA-CdTe QDs gives us information about how the metabolic activity of cells as a result of any change in the mitochondrial activity [25] .
The cell culture experiments were carried out on baby hamster kidney (BHK 21) cells. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) (BIO-IND), 50 μg/mL gentamicin sulfate, incubated at 37 °C in dark place with 5% CO 2 and 95% humidification. 95 μL of cell suspension was incubated into 96-well microculture plates at a density of 1 × 10 4 cells per well in culture media containing FBS and gentamicin sulfate and allowed to adhere to the plate overnight. These cells were divided into three groups MPA-CdTe QDs, PEG encapsulated MPA-CdTe QDs and the control group [26] . The cytotoxicity of MPA-CdTe QDs and PEG encapsulated MPA-CdTe QDs was determined by the MTT assay method. Therefore, the medium was replaced by fresh medium containing different concentrations of MPA-CdTe QDs and PEG encapsulated MPA-CdTe QDs and incubated for another 24 h. After that, the medium of the cells was separated and wells were thoroughly washed by pre-warmed phosphate-buffered saline (PBS) to take off any residual of the CdTe QDs. MTT stock solution (5 mg/mL) was diluted at 1:10 ratio into complete culture media, 100 μL of MTT dilution was added into each well and incubated. After 3-5 h, medium was carefully removed by centrifugation at 2000 rpm for 10 min to prevent any disturbance of the precipitated formazan crystals at the well bottom. Crystals were dissolved with 100 μL DMSO. The absorbance was determined at 540 nm. Results were represented as percentage viability and calculated by the following formula [27] : where OD b indicated the optical density of blank, OD s indicated the optical density of sample and OD c indicated the optical density of control.
The viability of BHK21 cells is measured for three different concentrations 0.0134: 0.213 nM after 24 h of incubation with the MPA capped CdTe QDs and encapsulated PEG-(MPA-CdTe) QDs. Thus, at each CdTe QDs concentration, three viability measurements are taken and the results are expressed as the mean of three independent experiments. To eliminate the background fluorescence, we included an untreated cell (maximum viability) control in the cytotoxicity assessment. The maximum viability control is established
by adding the vehicle only (used to deliver the test compound to test wells).
Results and discussion
Structural and morphological properties of CdTe QDs
The XRD pattern of the CdTe QDs is shown in Fig. 3a .
The position of the diffraction peaks was matched with that of the original cubic of the bulk CdTe in zinc blend phase [28] . Figure 3a depicted a broad peak typical for that of the bulk CdTe. Three diffractive peaks were noted and matched well with the (111), (220) and (311) reflections of cubic zinc blend CdTe [29] . The SAED pattern is shown in Fig. 3b . The diffuse rings are broad in the electron diffraction pattern due to the small size of the QDs. The second ring in the SAED pattern in Fig. 3b corresponds to a lattice spacing equal to about 0.26 nm, which is indexed as the (102) plane [30] . The stability of the CdTe QDs prepared in non-aqueous phase has been conducted by comparing the newborn CdTe QDs with the CdTe QDs that has been stored for 1 year in a solid form using HRTEM images as indicated in Figs. 3c and 2d ; the size of the CdTe QDs increased during the 1-year shelf life monitoring from 4-5.5 nm to 6-7.5 nm. The increase in the size of the CdTe QDs is due to the aggregation of nanocrystals. As shown from these HRTEM images, the CdTe QDs have no significant change in their morphological and crystal structures. It can be concluded that the prepared CdTe QDs is stable in the shelf life up to 1 year with proper storage in the solid form. Figure 4 shows the EDX spectrum of CdTe QD. Cd and Te peaks are observed at 3.13, and 3.77 keV, respectively. These values are consistent with the values reported in the literature at 3.15 and 3.75 keV for Cd and Te, respectively [31] . Therefore, EDX results confirm the presence of Cd and Te which further indicates that CdTe QDs are prepared with Cd:Te ratio of about 1:1.2.
Optical properties of CdTe QDs
Synthesis of CdTe QDs
The (CH 3 COO) 2 Cd possess a poor solubility in TOP at room temperature and this in turn facilitates the controlled growth of CdTe QDs upon monitoring the temperature [30] . At 130 °C, a dramatic change in color with time is observed. The synthesis procedure was found to be heterogeneous. Unlike homogenous reactions in which the growth of QDs occurs after nucleation at high temperatures at constant rate and hence the size of QDs can be controlled, in heterogeneous reactions the size cannot be controlled [32] . Aliquots of the reaction solution was taken at different time intervals (10:85 min) and the absorption spectra was taken to monitor the growth of the clusters and the stability of CdTe QDs with time. At short time, the nucleation process and seed formation of CdTe QDs take place. Hence, dispersed nanocrystal CdTe QDs are formed.
The CdTe QD size can be calculated from the following equation [33] :
where D (nm) is the size of CdTe QDs, and λ (nm) is the wavelength of the absorption peak.
The absorbance value was used to calculate the concentration of CdTe QDs using Beer's Law [34] : ) is the extinction coefficient of CdTe QDs; A is the absorbance at the peak, l is the path length (cm), and C is the molar concentration (mol L −1 ) of the CdTe QDs.
The extinction coefficient, ε, can be calculated using the following equation [35] :
where D (nm) is the size of CdTe QDs. The ε value is found to be 1.22 × 10 5 cm −1 mol −1 L and the molar concentration is 1.14 × 10 −6 mol/L. Figure 5 showed the UV-visible spectra of the CdTe QDs prepared in non-aqueous phase at different time intervals. As the reaction time passes from 10:85 min, the absorption excitonic peak of CdTe QDs appears to red-shift due to the quantum confinement effect indicating the growth of QDs. With increase in size, the photon will be with comparatively lower energy and hence absorbs light at longer wavelengths. As seen in Fig. 5 , the absorption peak of the CdTe QDs appeared at 535 nm and 554 nm after 10 and 85 min, respectively. From Eq. 2, the size of the CdTe QDs reached 3.2 nm after 60 min of the reaction [36] .
Ligand exchange of CdTe QDs
The ligand exchange process is carried out at room temperature under stirring and was allowed to continue for 2 h. Figure 6a shows the progress of the ligand exchange reaction in which the hydrophobic CdTe QDs is separated out of the hexane phase and dissolved in water. No significance difference was observed in the PL spectrum of the newborn hydrophilic MPA capped CdTe QDs and the original hydrophobic QDs (Fig. 6b) , while the PL intensity of the hydrophilic MPA capped CdTe QDs in water decreased from 450 a.u to 300 a.u at the same wavelength. A reduction in the PL is known when thiol-based ligands are assembled on the surface of the QDs [37] . This may be attributed to the short chain ligand of MPA in comparison with the TOP and HDA chain which may in turn influence the agglomeration of the CdTe QDs [38] .
PEG encapsulated CdTe QDs
Encapsulation of MPA-CdTe QDs within the PEG polymer was found to increase its water solubility and improve the QDs stability [39] . Being biocompatible, they possess the potential to detect and image different biomolecules. The emission spectra of PEG encapsulated MPA-CdTe QDs and the original hydrophobic QDs were recorded with the excitation wavelength fixed at 450 nm (Fig. 7a) . The original hydrophobic CdTe QDs showed a characteristic symmetric emission peak at 571 nm. A slight blue shift in the emission peak of the hydrophobic CdTe QDs was observed after encapsulation within PEG polymer, where the fluorescence peak shifted towards shorter wavelength from 571 to 556 nm. A reduction of the PL was observed in the PEG encapsulated MPA capped CdTe QDs compared to the original hydrophobic QDs. This may be explained as a result of particle agglomeration during encapsulation process [40] .
The stability and optical properties of the PEG encapsulated MPA-CdTe QDs and water-soluble MPA-QDs were examined after 3 weeks of storage in dark place and then compared to observe the effect of PEG encapsulation on CdTe QDs stability. The results show that the PEG encapsulated MPA-CdTe QDs remained stable with a slight decrease in the PL intensity from 450 a.u. to 100 a.u. when compared with the PL intensity of the freshly prepared QDs. On the other hand, a dramatic decline in the PL intensity and stability of the MPA capped CdTe QDs was observed after 3 weeks of storage (Fig. 7b) . Moreover, the orange color of MPA-CdTe QDs disappeared on the third day of storage, while PEG encapsulated MPA-CdTe QDs remained stable without any color change. These results indicate that the encapsulation process of CdTe QDs within PEG polymer enhances QDs stability and photoluminescence properties. decrease in the PL intensity occurred during the period of measurement (0:60 min). A makeable decline in the PL intensity was observed losing about 1.6, 6.5 and 19% of its initial reading values after 15, 30 and 45 min, respectively, and then no further decrease in the PL intensity was observed.
Effect of pH on PL spectra of CdTe QDs
To understand the effect of aquatic conditions on MPA-CdTe QDs, we investigated the PL intensity of MPA-CdTe QDs under different pH values. Figure 7d shows that the PL intensity of MPA-CdTe QDs is pH dependant and is enhanced upon decreasing the pH values. It is demonstrated that Cd 2+ ions and MPA form polynuclear complexes in water and the formation step depends mainly on the pH value [41] . When the pH values decrease, free thiol groups and Cd 2+ ions are released from the Cd-MPA complexes so more trap sites on the CdTe QDs surface are removed and this dramatically improves the fluorescence intensity [42] . In our study, the PL intensity of the MPA-CdTe QDs decreased gradually upon increasing the pH from 4.0 to 10.0, providing an evidence that our prepared MPA-CdTe QDs would favor the acidic environment. This is in agreement with Zhengtao et al. who studied the pH effect on thioglycolic acid capped CdTe QDs [43] .
Cytotoxicity assessment of the CdTe QDs
The rapid emergence of QDs as highly efficient biological imaging agents brought along safety concerns related to their metal-containing compositions. Herein, we aim to address the subsequent effect of PEG molecules encapsulating MPACdTe QDs on QDs-induced toxicity.
Cytotoxicity profile and cell viability assay with MPACdTe QDs and PEG encapsulated MPA-CdTe QDs are carried out using BHK-21 cells as shown in Fig. 8 grown on 96-well plate using MTT test with purple colored formazan. The QDs of 100 μL and 10 μL of the sample prepared as such were added to the cells. The results in Fig. 8 show that cell viability is decreased as a function of concentration. MTT assay is observed under different concentrations after 24 h incubation with the QDs.
MPA-CdTe QDs were observed to be more cytotoxic than PEG encapsulated QDs. PEG encapsulated MPACdTe QDs demonstrated very little toxicity to BHK 21 cell line (viability was 89:90% at a concentration range 0.01:0.03 nM). On the other hand, the viability of BHK 21 shows a rapid decrease in case of the MPA capped CdTe QDs treated cells indicated by the dramatic reduction of % viability from 89 to 70% at the same narrow concentration range. At a concentration of 0.2 nM, PEG encapsulate MPA-CdTe QDs showed more than 65% viability compared to the bare MPA-CdTe QDs which showed only 45% cell viability. The 50% cell viability (IC50) was determined to be less than 0.12 nM for bare MPA-CdTe QDs. Comparatively, PEG encapsulated MPA-CdTe QDs were found to be less toxic as the IC50 was greatly improved to above 0.21 nM. It was found that QDs-induced toxicity is a function of MPA and PEG concentration [44] . These results suggested that embedding QDs in PEG increased their biocompatibility as is evident from the increased viability of exposed cells when compared to bare MPA-CdTe QDs. Similarly, Ulusoy et al. studied the cytotoxicity of MPA-functionalized CdTe/CdS/ZnS QDs and PEGylated CdTe/CdS/ZnS Qdots on A549 human lung adenocarcinoma cell lines and found that the IC 50 value of pegylated QDs was 282.9 ± 26.4 μg/mL in comparison to 21.4 μg/ mL for the non-pegylated ones [45] . On the basis of these observations, we can clearly state that the addition of PEG molecules to QDs surfaces minimized the negative effects of QDs by improving their colloidal stability and acted as a protective shield leading to reduction in QDs cytotoxicity.
Conclusions
In conclusion, we synthesized non-aqueous CdTe QDs followed by a ligand exchange of TOP and HDA with MPA forming the water-soluble MPA-CdTe QDs. To further 
